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KINETIC THEORY OF RAPIDLY VARIABLE PROCESSES IN A
PLASMA

INTRODUCTION

Boltzmann's kinetic equation is unsuitable in conditions in which,
firstly, the characteristic dimensions of the inhomogeneiiies are found to
be comparable with the characteristic impact parameters of particles taking
part in collisions, and aecondly, in which during the churacteristic time of
change of distribution of the particles the collision begun does not have
time to be completed/l/. The generalizeation of Boltzmann's squations to tne
case of distinctly inhomogeneous problems was given in the book by Chapman
and Cowling/z/ for the case of a gas of impenetrable spheres and in the book
by Bogoliubov/B/ for the construction of generalized Boltzmann's equations for
the arbitrary law of interaction of the particles of a gas,

The exposition below is devoted to the obtaining of a kinetic equation
for a gas of particles with weak interaction suitable for the description
of rapidly variable processes and to certain of its applications,

An example of such a gas is a plasma in which the particles interact in
accordance with the Coulomb force law, with a considerable contribution to the
scattering of the particles being made by long-ran-e collisions, wikz for which
interaction may be considered weak, 4s a result of the slowness of the decrease
of Coulomb forces the times during which long-range collisions may occur lie

within a broad interval from
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Here | is the temperature and Yl, is the density of the electrons in a unit

of volume(G), is the Langmuir frequency).
In conditions in which the characteristic time of the process ar‘v_

aatisfies the inequalities

firstly, there is an extensive region ( TConim €4 dZTprocess), in which not
only the interaction may be considered weak, but the interactions may be
considered without regard to a change of distribution in time, and, secondly,

. . . — o . . . .
there is also an extensive region ( ( process‘< (~ ) in which the interactions
change substantially, Actually in the latter region, due to the rapid change
of the distribution of the particles the collisions are suppressed and
74 pPlays the role of the maximum time of collision, This fact is

process
well known from the tieory of the absorption of radio waves in interplanetary
gas”
9 1 of the present communication is devoted to the obtaining of a
nonrelativistic kinetic equation for a plasma, and § 2, correspondingly, to

the obtaining of a relativistic equation, which are suitable for the investigation

of rapidly variable processes, Finally, & 3 examines the application of the

equation obtained in ¥ 1 to the theory of the high-frequency dielectric Permeability

of a plasma,
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9 1, Kinetic Equation for Rapidly Variable Processes in g
Nonrelativistic Plesma,

Let us investigate a nonrelativistic plasma in a constant and
5] E
homogeneous magnetic field B and in a electrical field , likewise
homogeneous, but, generally speaking, varying in time, The fact that the
rlasma is nonrelativistic makes it possible for us to confine ourselves to

taking into account only the Coulomb interaction of the particles of the

plasma ( Ux[i

the particles of the plasma is weak we may write the following equations for

ee/ . In the assumption that the interaction of

the distribution function of the particles of the X -type # and for

the correlation function gap (cf, /3/):

0 n .
?.L*-r'—zfa:)——{‘-‘ +e, E-*-L” 8]} 3f"' =

2t t %, . .
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Correlation function (1.3), after substitution in equatiom (1.1) yields
a kinetic equation suitable for the investigation of rapidly variable processes,
For steady-state processes in formula (1,3) we may omit ﬁ,(p (‘b) and assume

t = - o0 + Then the kinetic equation may be written in the following form

e e -

‘2/7 Jdt {974 dP ,L[ Pm 7.J- ppfié/i%";’}//y

2 e 2 = (D)

73,F:E:ﬁ[i€f£7/QL] P, rﬁ)J iniJ AT
— =5 "
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tp (15 2/

Inasmuch as equation (1,6) is obtained in the assumption that the electromagnetic
[

field is spasially homogeq%us, then, strictly speaking, it is applicable/ for 1

(1.6)

only spatially homogex;::us distributions, Actually, the region of applicability
of this equation is broader, In particular, the collision integral of equation
(1,6) may be utilized for the dj.scrlptlon of dlssﬁpation processes in the plasma
if the self-consistent field arising supplementally to the constant electric

and magnetic fields ha® a negligibly weak effect on the collisions of the

§ A AN AR . el

particles,

T e

reAbies B

It should be said that equation (1,6) is unsuitable in conditions when it
w
ia/pouible to utilize the theory of perturbations., This is the case in

particular for sufficiently small parameters of mm the collisions, when the
oollision integral (1,6) is logarithmically divergen;';i. Keeping in view mf th.e

(Lg_« u}w\. .Qo\.m(/lﬂ-’ :

inapplicability of our trematment for small parameters of collisions, in integration ,4

—
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with respect to the impact parameters integration should be broken off at

Pm;r\" Here the suspension of the theory of perturbationq/ begins at
de“,_ %/Q-r; On the other hand, the minimum value of the impact parameter
may be determined by the inapplicability of classical mechanics, In this
case P’N;n"'tl/"'lv‘

The collision integral (1.6) does not take into account the screening of
the Coulomb interaction, Therefore in integration in the right member of this
equation the integral on the part of large impact paramet:érs should be broken
off at P’“"?:'Za s Where 7-0 is the Debye radius, In the case of slowly
varying processes in the absence of a magnetic field the right member of
equation (1,6) is the collision.integra.l of Lm@uﬁ/ . For rapidly variable
processes, whose ch;racteristic frequency of variation is greater than the
Langmuir frequency of the electroéz breaking off on the part of the large
impact parameters occurs automatically, It is in these conditions that our
kinetic equation differs essentially from that preceeding from the usual

scheme of colllsions of Boltzmann,

b 2. Relativistic Kinetic Equation for Rapidly Variable Processes

Above the kinetic equation was obtained for nonrelativistic particles,
describing processes varying perceptibly during the time of collision, Here
the corresponding kinetic equation will be found for the case of relativistic
particles, Lét us note that in the relativistic case, for example, in the
propagation of an electromagnetic wave with a period substantially smaller
than the characteristic time of collision there simul taneously arises a
spatial inhomogeneity of distribution substantially smaller in dimensions
than the characteristic impact paraﬁeter of the collision, It is for this
reason that the collision integral oﬁtained below is nonlocal both ¥%t¥espect

to time and with respect to coordinates,
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Let us note that the relativistic collision integral for distributions
slovly varying in time and sharply varying in space was obtained in the study
of Klihont/?vich/s/ « For smooth distribution,g the oorresponding"oollision integral
was obtained by Belfdev and Budker ’/ (see alwo 76/ ). In the latter case
the relativistic collision integral contains a large J.og:rithm arising from ’ ® . !
integration with respect to the impact parameters L= 1 n (Pma; / Pmin). Here .
P” ax 18 the Debye radius of screening (see also /8/ ). Therefore the
difference between the collision integ'ral obtained below and the usual collision
integral ¥/ will be manifested under cond.:l.tionS in vhich;, on the one hand)
the characteristic dimension of the inhomogeneity is not large in comparison
with the Debye radiuﬁ, énd on the other hand, when tixe cha.ra.cteristic time of
variation of the process is smaller than qu,g /"U" -= the time of collision
with the impact parameter P‘MM o
In describing a system of charged particles, strictly speaking, it is
necessary to consider not only the particles, but also the electrémagnetic’
field, However, in order to obtain a kinetic equation taking into account the
collisions of ihﬁarticlsof a gas with weak interaction one may proceed more *
simply, Here it is expedient to single out the self-consistent field which,
as usual, is described by Maxwell equations with the current and charge density
determined by thé distribution function of the particles, In order to find the
forcef correlationﬂ resulting in collisions letv us utilize/i Iexpression for the
force acting on a particle o on the part of a particle [3 moving

mniformly:
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Then for the distribution function <P o(' and the pair correlation function

3'.(‘; the following equations may be written (cf, /13/)3
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(2.3)
In order to obtain the kinetic equation it is necessary for us to find

the expression of the binary corredation function determined by equation /2,3/,

In the assumption of weakness of intergction the latter may be substantially

sinplified’;' Firstly, from a comparison of the different terms of this equation

it is clear that the binary correlation function will be of an order of ( TJ /T

in comparison with fﬁ( fp s Where U/T is the ratio of the energy of
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interaction to the kinetic energy, Therefore in equation /2.3/ we may disregard

the terms

5,3 9;;“;-7 ° Gep

: ?f_’:t- e af)l‘

Secondly, wi'iting the oorresponding equation for the ternary correlation function
it is easy to see that it will also be of an order U/T in comparison with

f“ 7PY . This makes it possible in equation (23) to disregard the terms

= Al 5 <57
“,r R X
5 ok PP
contdining
in comparison with the analogous addends xumtioxixx the binary correlation

function, Thirdly, our assumption concerning the possibility of describing
scattering by means of the force mf (1) may obtain only in conditions in which
the fields E and /3’ are so small that they dwxmmt have no effect on

the trajectory of the particle during collision, This assumption corresponds
to thé possibility of disregarding the fields E and E in equation (2,3),

As a result for the correlation function we may write the following equation:
/242 F’ f "{}
PP 2 ’DF
/ T p
—_S"Ls 2 { |
= Ta s (%% *dg'?F?fd Py 2 g

RS
-{1;2 + 1o 2, )

(2.4)
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t“ ’

The right member of equation (2,4) is essential for screening for the Coulomb
interaction in the case of slowly varying processes, If, however, the distribution
of the particles varies substantially during a time that is small in comparison
with the characteristic time corresponding to the screening of the Coulomb

interaction, then the right member of Eduation (2.4) need not be taken into account,

In this cese the solution of fnuatlon (7.4) may be written in “te form : 2
7B R )= 9@ -4 % SALED, . ey o) '

- b %

/;0(5(( )P"u?” [y ’Z ?/J l ' R 1

(f/‘?//””/f L Z/?s’?w%’e%/z// % %/

-,
z

s 7 ) — —
VI Ry e, )
w 5 Gt .,
‘?U R | Y R 72 B RN
e NN N N S N
?'i ffi l RNV PO S 2fr T {2.5)

Formula {2.5) uw makes it possible to write equation (2.2 as the zquation for
the distribution function 7€A. . However this equation will also contain {

an initial corr-lation function, which will cause it to differ substantially from

the usual kinetic equation,
If we investigate steady-state processes taking place in a time considerably
exeeeding, for example, the characteristic time of collision, then Tic - may

be assumed equal to — <& , and the initial correlation function fyaq?

may be :i: oraried, TVer: D
, | e o :
,e-/.,"} ¢ , ;133 ) R . “ ;?f ’/ =T AN ,.-/ ey ; s T e 5
- ) )
' \
. i P -3 e ~
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B B ~ N - it v
’ d,‘)ﬁ ) £ v 7;'/,‘ i /3 ‘y
\
r~ ~ - ‘4)— - l?' &r o ,l / . Al e v
r /?'C /oé A/ o ) YR/ (g " 1 F, 1
+ aL/}S 4 /& / /5 / (/,B F R I
. s A \ ) Vo
2U ~ € ’ ~
TR AR AN A
ap, v/ w /] V™ T 2y S
» O‘F?" : ‘ - (2.6)
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In substituting expression (2.6) in the left part of equation (2.2) the
faot should be takin into account that our treatment is inaccurate in conditioms
in vhich the particles approach each other to distances at which their energy
A:fi.ntemtion becomes no longer small in SEEEBESSRR vith their kinetic energy.
This inacouracy is manifested in the appearance of logarithmic divergence
for small vn;nes of T . Therefore below in integration with respect to
T let us limit the region of integration to Tyrun . After all

the foregoing we may write the kinetic equation sought in the form

-

Voo '
e L

_;’ﬁé—é—wﬂjjﬁ;‘ ZE‘ "'[6 a" :/oé

7€ . "I
(2.7)
vhere the oollision intogral 70( has the following form:
- e P e e i O
7= > Gl I ;:_‘{ QT/Z e b €, ooeL O 2 A
v u/_g. 1,__;. 0/‘3-& %8 ’ T tae e
frd 7 B : .
. - -7y ) AT ) <
.{F’* (eﬁ 2.(4{{:)”_ FIE 4y 0 /
o N . "\ are ' . P v’"//\' o - -
¢ Cef o ¢ A )
- 3"7" ,rr...;";/!f [ Vg we i
4 ¢ gy L
\PP. 1' "‘,e / I L v\.‘
J( LA e AR VAR :,7“ i
""6" ?,{ zF '.f =, CT Iy ‘ \
I PO . .- f .,
'Y, L +$ ¢
( -h.g “ox ”} f (Z // ) /J
9}’4 f‘* (2.8)

In the rolativistic case for processes with spatially weak inhomgen;us
distributions, when we may disregard the dependence of the distrtbﬁtiog/
functions in the collision integral on the coordinates, and also for sufficieantly
slov variation in time the collision integral (2.8) becomes the corresponding
expression of the study ,‘i? Beliaev and Budker %4 . Here the distributions must
vary weakly at distances of an order of the Debye radius and during a time of an

order of the period of the plasma oscillations,
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It is not difficult to proceed somevhat farther and take into account
the effect of the oolf;-ooaaiatant field on the oollision of the particles,
oou.idoring this effeot as a correction effect, ¥or this let us obtain the
correction to the correlation function, retaining in equation (2,3) terms
vith a self-comsistent field, without considering that the function accompanying
them has the form (2,5), Then for the correction to the correlation function

in the case of steady-state processes we obtain:

1S, ]

7 . / ( O / \ !
5?“}"(’,"}5:,,:,"3 ':) t( /( 7 "—‘*Z(t (:’,'C)‘F
i} &
. AN 2.
{8/ er i S - 2B LY
+Z~[Z’L ,8;_ Z.( :( “/ "/l‘ .‘3‘,'-3' 0," ( /(:"2::5
y ' " _f_[.n,v' &/ T f:.é' ')- ‘
+€{[./7 e :"-}/)f',"*:.‘l.’/‘é IR ".( /:t".l !
PSP .

.PJ ) ),/3, t ) | (2.9)

Formula (2,9) makes it possible to obtain the following correction term for

the right member of equation (2,7)s

7,, -—\é---.\a- :{r)o/ F‘

A (¢« F /o -
V ao, 7 “pl

. - X . R . .t
ra S e e ! o+ Z (,7 X ) A - ‘:

’I .'_‘: ," . 'I_ 3 “., J2 N I ‘ (2.10)
/*/’\ S 4
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Here 9’_(‘3 s determined by formulg, (2.6) As in the case of IR
:'formula (2. ) it should be kept in mind fhat for sufflcientiy small vaiueg ) e

of 'Z_L'" 'ng our treatment is mapplzca.hle.

Another accountmg for the oorrection due to the self—con31stent field

PP,

" is based on the variation of the force acting on a particle 0( on the

part of a particle /? , which is associated with the nonuniformity

s T el D .

of the motion in the self-consistent field, Here

Sr \/d)7 Lo {)- CO,[\@ ’dt fa/“ ixe, """",'r/\';"‘,'

/‘L L™ S /3 ) \/? JI)3
Csnenlt8) (TR
1 K : et e,
0T -, K- "4"7'.')‘__ ! o i) N \
- (:_t_ /. Z’ l A i ( . )‘; _l’) ,‘.‘ Al LT ,} :7’ { ¥ -
I y' . ' - , / " \ \ 7
- 3,; ] " KQU [ ¢ /‘}}ZJ/ ) (2,11)
/ ) / .
where ! “
/ V ’,4:- // [ ) R \ \!
. L v ' ,P oL ,7;" [ . N
G ?;'—'/-r 1'_. P ‘C’i‘ VP co = |
v \ ’ !
1
(2.12) '
¢ : ) )
i ' !. ! i‘r”- /. '/’.' '\1\
6P‘= e." dt E('Z‘f ([;(t t),f)"‘ C L\{, B( (,"" Zi( { [), t/-J'
.- (2.13)
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The corresponding correction for the correlation function is determined
by a formula similar to formula (2.6):

(2.14)

As a result we obtain the following correction term to the right member of

equation (2,7): i

(2.15)
In conclusion let us indicate that the kinetic equation obtained here may

be utilized, for example, to obtain the high-frequency dielectric permeability
2
of a relativistic plasma in an approximation in respect to (A highér

* than the usual approximation of self-consistent interaction,

Declassified in Part - Sanitized Copy Approved for Release 2011/11/07 : CIA-RDP80T00246A015100480001-1



% 3. High-Frequenoy Diejeotrio Permesbility of s Plasms
5 3¢ This part of our communioation doaJ/ vith the question of the
&1eleotric permeadility of a plasma in the rTegion of high frequengy.
It is below that we shall be basically concerned with the reéion of

frequencies in which the variable frequency &  considerably exemeds

the Langmuir frequency of olectron? We = ryﬂ'ezM/iu . On the other hand

let us oonsider that the variable frequency is still much smaller than
o Ya e 172 P
w :{x?’/y‘(zm} //6”'

Yor the description of a plasma in these conditions the kinetic equatiom for
rapidly variable processes obtained in § 1 is suitable, In such conditions

for an isotropic plasma, as is khown a4 s there is an imaginary correction

to the dielectric permeability which is qmﬁo with respect to the number
of particles in a unit of volume, vhose dependence on the frequency hu‘ the form
w” .gn( w/(J,.,‘), Below the corresponding real correction is obtained, which
depends on the frequency according to the law w"J 4 9')1 W o Finally,
a correction is also obtainmed to the tensor of dielecsgric permeability of
the plasma in a strong magnetic field in oomditions in which not only the
variable xm frequency, but also' the gyroscopic frequency of the electrons
(and ions) is not small in comparison ix with the Langmuir frequency of th;
electrons,

2, In order to obtain the dieleocAric permeability of a plasma let
us utilize the kinetic equation for steady-state rapidly variable processes,
In the case of a plasma in a spatially homogenpus variable electric field

E and a constant magnetic field B and for spatially

= Declassified in Part - Sanitized Copy Approved for Release 2011/11/07 : CIA-RDP80T00246A015100480001-1 * 2%
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homogensus distributioms, cqmtich /1.6/ may bo written :L‘nv the following fom

'91’:; e ;/E t]}.‘?!& .
gt = ap.
. )

(,'_Q_ : y t) Z/Ult;t.w“_&‘ _
::jdt J,O" “ﬂ.“('_ Do Jp ] -

-2 4 (/" ('l SR ] z\\
op o ( «b5 T Il ")>' (3.1)

| ’ ‘ «l/a r . ] ‘
D172 '7", 27= ‘-:;T---:./_/"‘ f/"/';’ ,.:."./‘Z d—t';.fi, Z",&,.zi )j,/ rt F} t)

gie ST VR e
O 11 /1@ [+ - T a )
d! L’{tjé“’*-L L2, ’ Z-,‘J’~j,{“’ %4 T35 5 ")a
< ’ | (3.2)
. V- ‘e _ \ q ’ 3 N
/ ! ‘f\] S--!'/f ‘c.. 3 «‘/zf; - 'f-_-’_,B’./‘ “ 2 ')".,../P:"‘-" [‘:/',t f!"}'" /"")'
Alpnoreviie 2o 3ETGTA]
5 Y b owo @t E R )
581?. qj’klﬂdfv, a ‘j /jL ’." #7 /}/
| (3.3)

The functions P and R are determined by formulas (1.4) and

(1.5), sd € , M, » l( » Yo ._@_ ¢Te respectively the
charge, mass, coordinates, velocity, and momentum of thm a particle of the

ol -type; ﬂ q" e.(B/‘ykd is the gyroscopic frequency, ./V.(' is the
number of particles of the type J, in a wnit of voluq: and, finally,

RS
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Equation /3,1/ is obtained in the assumption of the weakness of - o
interaction of the particles and therefore is inapplicable for small
parameters of collisions, In this connection below in im integration
with respect to the impact parameters we shall have to initiate breaking
off at fmm « On the other hand, in equation /3,1/ screening of the
Coulomb interaction at great distances is not taken into account, The
inapplicability of equation (3,1) to the investigation of km collisions
at large impact parameters may be manifested for sufficiently slow processes,
when it is necessary to initiate breaking off at ‘/OW .‘)

3, Let us investigate first the case of an isotropic plasma, when a

constant magnetic field is absent, Here, without undertaking the taskimg
of accounting for the spatial dispersion of the dielectric permeability,let us
consider the distributions of the particles as spatially homoger;/)us. Then for
adight deviation from the Maxwell distribution {( ’ , linearizing the
kinetic equation, and keeping in view that g %.{, is proportional to the

electric field, which is assumed to be weak, we obtain

*) Let us note that gx disregarding collisions the equality ek

- B /
/ p/ Z:f [*‘T’ffj ?/"':.‘3’" d. “)é)
o

< ’_,v'{.— (

obtains, making it possible in the right member of equation (3. 1) to transform ‘
the arguments of the functions,

¥
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“8 (P tf ) --M_i"/lfi é{(. ('! C, -t T ‘*// i
ad ’ -
£’ _/ (,. 7) Vi

(g 4P E(#,+Z),\" 7

o« o / 7 j (3.4)

In the solution of equation (3,4) let us consider the collision integral

to be small, For the periodic dependence on time ( e “Lwt

) Thxciwx
m N
neemxxxryx the fulfillment of the/equality w >> Viﬁ. is necessary for this,

where '\)y{, is determined below, Then in the first approximation
o

He7 v [ o

1) e
I U2 fa
o ——

(3.5)
Substituting in the right member of Equation (3.‘+) as S # the expression

(3.5) we obtain in the second approximation

(: — =N . . » & - ¥
";L P 2‘/" fdf OA J 3* LY l‘:-/'c" o T
3 . oy
. L@p,[/’?,,_ ipi(@_ /f.)"?’l oy f(u) .

’f“*;i /e a " ,“"

SRS A s A ) I s
; Q . : [ . - r,
s.uM"’!’,—:‘ ’ 4 {:’)' \)’7; ¥l I //

(3.6)
Formulas (3.5) and (3.6) make it possible to find the expression for the current

density
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/,—;7%.“/ /dD J <

v

I

(3.7)

)
3
‘Q
R, SRR S RN

and thereby to determine the value of the tensor of complex conductivity

e F) |
/= b‘/ v"' i

or the tensor of complex dielectric permeability -

For the isotropic plasma in question here these tensors are diagonal and

in accordance \'dth formalas (3. 5)--(3.7)‘;

Fe Mo 4% 81 7o, €5\
6/")'1'?90 /” w" f{" ;‘;:(*‘"‘ o T}.

7 s T

/./1/( {2 .:/‘),/f e =T | ﬁ"',(_
WL NI RIA AR i
% e .
e o '“‘.
1#ﬁ" " ‘ (/&, 2/;' (.l/'s) T

'-."Qo l — . 9 -

J K .

(3.8)

wvhere
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( A‘p is the Debye radius),
If in the right member of formula (3.8) we disregard the terms containing
positive degrees of the ratio of the mass of the electron and the mass of the '
ion, then in the assumption that there is only one type of ions', we obtain:
. s c e/ d 2/ ; :
‘ ) : ¥ [ 2 .
: W, , Lo b _ﬁ_f__(___(’_. A 7\ ;
6 U‘j--T‘* ¢ a,) ] J— r-*:\g'. .'V.)’
o v \/,'a./‘e/’l . o
' (2.9)
where
w! 1 ’
3 ‘77 ;)L / ! x y n————— >
\(‘Lu[. = - Ty K
FL=(E T ) PV am K
- A C
0 [ 2
(3.10)

Here

1s the integral of probebility, Keeping in view that K, > K , and

also the fact that these quantities themselves are determined with an accuracy

‘,,' %o

to the coefficient of an order of unity, formula (3.10) may be rewritten in the

f
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‘In comditiom in vhich () << Wie

. Flo- btz o Fl= 8,

(3.12)
|
The latter expression for F leads to a small correction of the term E@J )
-2 . _ 1
proportional to Q e« Therefore ve may speak of a change of a)t.b by
-2
the quantity A W e , vhere

L4 zz-,.e.e;z._ A
3 1/"' 7')’/" | ‘JL(

> offective
Expressioa (M for F 64)) leads to the usual/ frequency ef oollilio,,
making it pessible for the dielectrie pouubility %o vrito the tonovhg
A' ,’ lo/

expression
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5("’):.’/‘ w// A\ i”"“i“‘v’%

(3.13)
where
¥ "-.1 i \
/5 , @ P2 I / .
\,"/_l- 17.//( n.ﬂ &/9«;‘7 .y \
Vo - Rt e g T e e A
Y S - 2o P
*v \/?’f;‘,‘t ‘7’/, \/t'»;.' !
(3.14)
For frequencies considerably exceeding the Langmuir frequency of the
electron ( L) >> “)Lﬁ ), we have from (3,11) and
Lo ) oy,
/ - .- ’/,, J )?" T‘\! ki (7’7
-r-v/ PARERE AP 4/'.;!_ | ./):-;.. -"a!'(.,
Flo)=buifes o200 Flo)= 5 spm e
- VR R4V :
’ 4
(3.15)

A/ = 1,781 1is Buler's constant, Substituting expression (3,15) in formula

(3,9) we obtain:

2 g ’ ‘) a)&
> Voot g b L M)t L SLE &)‘%’_ s}na)
‘t(’")"‘f TeC Tl oy W .
(3.16)
where
TR 2t p o
/ Z S"‘) ( ’Z, v“"
/ = e __:; PO o ....3--’;'~ - ?
E /
1“‘ J /Ih (’ ”~ 7’) -
(3.17)
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and \) 4( has the form familiar from the theory of the absorption of

N

radio waves in interplanetary gas b', and equalling

‘\v

/

‘ 2
. r—— . An )
\(’u‘f N (63‘_) -/V;;_ Z (‘ T

f
. = e e = T H ,,,___'__',.,:
Yy ¢ Vm (eT)* ! yiifrm (ee l

o he

]

A (3.18)
The quantity \)““ ‘in order of magnitude differs from LJ% by a
large logarithm, Inasmuch as this logarithm is determined with a certain
inaccuracy associated with the choice of .‘(my s the qﬁeation may arise
of the expediency of retaining a curve proportional to LJA-“. . However, 1
in aduality, by virtue of the fact that \)46 y28888 o contribution to
the imaginary part of the dielectric permeability, and ML,« s to the real

part, the retention of a member proportional to a)% is not in excessimr

of accuracy,

It is necessary to note an important difference in the correction to the
real part 5(&)) in the region () <& U)Le and in the region ¢ >> OJLe, .
Although in the second case the absolu::}:; the correction is smaller than the
value of the correction in the first (low-frequency) case, nevertheless in the
region o) > “)Le a new dependence on the frequency arises, which in
principle makes it possible to find the corresponding correction, The complexity
of finding it is associated with the necessity for the fulfillment of the

condition

a)‘<</:e'7’)3/’ m-;yl ee; |
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Here, for example, in the expression for the refractive index

= 2 ¥ '] X3

o , ' {- Uu_ { e 1 “ie “)ﬁi'_l_ e
4!4- = 2!&7 8 ‘JO' :z é)3 16 &)‘ ‘
(3.19) }u
-4 :

the third term ( ~ () ) willmmimmm always be larger than the fourth,

-3
proportional to (W . Therefore the correction obtained may manifest

itself only with the determination of the refractive index as a function of
the frequency with extremely great accuracy, Let us indicate that the fourth
addend of the right member of formula (3.19) is, on one hand, smaller than the

third, and on the other hand, larger than the fifth, for the condition

4{3(7') M << a}<</9€7—) | /

This region of frequencies is rather broad, for it is determined by the

inequality

el N, << .

4L, Let us turn now to the investigation of a plasma placed in a constant
magnetic field, In this case the linearized kinetic equation for a slight

deviation from the Maxwell distribution may be written in the fotrlowing form
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v T »
:.. I \l + 'T’/ o [+ q_“.'._.l.t_ < >
! /) te ! S TN
{
? 7 3 \ v o N ’
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4‘-'/!3 A w Yy L //g' , iy
;
v z N
\ ? — . N Zu o oas ©
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\E !\ ‘) 4 ~ '(ie /11 '/’3 /,' '

(3.20)
] 0
Here P and ? are determined by formulas (1.4) and (1,5), if in
the latter the electric field is assumed equaldmi to zero,

Por a field depending on the time periodically Q-Lwt equation
(3.20) may be solved according to the theory of perturbations, assuming St

the right member of this equation to be small, if the condition

IPER R v,“

is fulfilled, Below this condition will be considered fulfilled, Then in an

9¢
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approximation disregarding the collision integral, we obtain

/’)/ \ n‘b\ | 1/ ° .- : “é & Z'— .
5 4 F # .L.“'-‘-f‘-—-- Pf y/ (/1 ,§“ I' 0 s -
«? / T \ ?
o /‘L y
(3.21)
where
(FJB. p) /3 N A= R
A e lete L AL Y48 S LR T
HOE T T T e e 2 E”
4 b ! A & O -- ot ‘ e \s i
v ¢ \ L s S
(3.22)
Here esez is a completely antisymmetric tensor, Utilizing equation

(2.21) we obtain the following equation for the correction ; the second

approximation to the nonequiliibrium part of the distribution function:

s . A /N
< 4 ‘2\1 ) -/ 1 { /" l’ /'f'
dob, L, Lo Ty RIS L WD, AT
— ;—-‘.__._ 7“- PR . -~ j ;‘ , . i N B . . \ Ve ] .
O f © L J ,/\,_./_ o A ':’, K] Lo o /
, VA
Nl - Ca b & - <
0( " it ;-_/_'/_s.__/..‘.i._- O .
h 3 A} ¢ ' P A
s [ Z
’ oA Y
. Vs
{ d rr i =~ 9 /'2—4 \ , e , . \ \’
T g (R T e ey
(6‘) N ‘JJ,’ i d-\ . [3 (J/ w o, “/. ,‘)/,‘. ’
! . ’ s s ’
-J.J ! ' J
- Y7,
T . / A ﬂ,q P , VT " RN ~
i ".L 4 / vy N P ! /o J v
4 ‘ —— I'Ll / w') e / - v “ . f/ Wﬂ. ;"n l; AR f
/ ian < | “, " R A J - <
(S "J \ 5 v . <
/
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In the case of a steady~-state periodic process, to be examined by us, the

solutiom of ﬂu- oqution may be written in the form:

Mn@)}w}jﬂ aP"‘(t tﬂ) ga/,,L_

-lw?¥

LA (lc ,40)
~(7(7 f’az Cs ;g.o(T

4 1R g )

: - ~¢u)t
Je ] /m 3 A /u; 59\7
| 5/

i ) 5
AT '3 -2

(3.24)
In order to determine the tensor of complex dielectric permeability let us
substitute expressions (3,21) and (3.24) in formula (3.7) and integrate

with respect to the momenta and the time ( t’ ). Here, in particular,

let us take into acoount that

59./%-“"‘-———-17/&/» A (v, -2) s

/ LwT O(K K Ks
I, b/v,} ’l (
) ’.A:.,’ :_’3 ('fj/ t) d ¢ ) ( J,) K.v
|
‘, ;.'l‘ 4 41 ‘ ! v \)’. 7 13K —[3!’) SIHKQ f
send= 5[ s /T :
2 m L

(3.26)
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Assuming that in a plasma, there are electrons and only one type of ions
and disregarding corrections of the order of the powers of the ratio of

the mass of the electron to the mass of the ion we obtain:

e@/ f”fc‘

(3.27)
(o;h)
where EL J is the hermitian gmm part of the tensor of dielectric '
permeability obtained with complete disregard of the collision mR integralj ' %
) _
ok J’ U‘ ' 5 /3 / _ ],8
§ | wifld wt ﬁ
. ;9," > ' Ep
, PR [ﬂe - ]e € 8
: " ‘ ‘ . ' -

e)
and 88 ‘J and C? 6( J are, respectively, the hermitian and antihermitian

parts of the tensor of dieledtric permeability arising with the taking into

account of the collision integral:
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The functions Pq and R are determined by formulas:

/.:/"’/ i'i/;’zé / a/x e {9b(kmu /f'—/ [—/'/ =

> o -
. //{,‘(_'__/_ / f/ [/ } ..
—w/(ﬁ»r7 Xor 7 ’ // | (3 p)
‘J
e Al E s ~ - =
- N - A/ ~ _\_\:.__ —— ! / .
= JC (F ~C /! 2 - . -
/“gl"/ P ¢ ] //,v_‘;,. 0 //.'//,;"\ ;. ,//
fomm e ),
,3{," , . . \ /,’
~t, 7 '7/:_.. AP
..(/ﬂ.( /\vn‘:“/ .?-»;., : ./,' ; Z///./ , . (3.31)
where
. » ) - L s !
R v ‘ . /_ y',[%('@ef/df/ ey feer ‘7?(: ” ';/'
' D - 1'.'?: "t ,Sﬁ‘
(3.22)

S.
Here the real part of the funetion F; and F").. make a contribution
to the antihermitian part of the tensor of dielectric permeability, and the
S
imaginary pa.r},, to the hermitian part,

For frequencies much larger than the electron gyroscopic frequency

(w >7 1Qel

Flw)- 5 Flw) ws, F /w/ -0
(3.33)

Therefore in the region of these frequencies, and also () >> Q)Le. vwe have

ek

ot ma o

e
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(3.34)
If it should be found that W  and JZ <<Ouc then J\ E.; y would have
a similar form, while va« should be substituted in the place of
i'z‘) , and the quantity A "“)Le , in the place of Q)e,“, .

Belov let us consider the variable frequency to be greater than the Langmuir
electron frequency., This, in particular, makes it possible in formulas

(3.30) and (3.31) to assume I<M-. O . Let us investigate first the
hermitian part of the correction to the tensor of dielectric permeability, for
which let us investigaté the imaginary part of the functions Fl and F;L .
Let us note that inasmuch as the integrand of the corresponding imaginary parts

do not have singularities for small values of of s in the formulas for

them one may assume K maa s equal to infinity. Therefore, considering

. J?C ~ 0 , ve have:

2N ev f sy, ,
) - l l(/w/ - —:: j{. ff ‘3;/1 g" 3 I_':_Eu i } ——. ____'_?._.___ ——
g B3 Gl © =t .'5,)
.M(:/B/ [ i V‘-IF‘{;‘J{
T T Ty Al
. -(_,i,/x;]’z ey ?
(3.35)
— h( g3 ; T A3 &in (59 A '/) J:_é — 2 -
- e = ‘7-,7-—-—‘
-2/ ':/b 3 Ji-d ‘=) (2 Y ¢z} . -
-, 3 d (3/ ] / g+ "/ 2 ) /
.’-_ /.L+,‘?, "‘“‘//3 1 } ‘j)
. ‘ . (3036)
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X \d a
. ,ﬁ'i

where . ' C .
‘ : {
e ’ e 3
- . _P, (240 P 2 I/ =t .K’, >
| p? 2 By T N E el
‘( ‘, Ry ta s eme & B kel em Bae . S Twm e e

P YT o=
o3 [ ] ,‘?-7‘ f ¢ S
[ e . -' - (—

(3.37)
In order to obtain B relatively simple formulas let us é.nalyze some
extreme cases, considering still, however, that the gyroscopic frequency

of the electron and the variable frequency are small in comparison with

-

T e V32 ~4.2 7 .
(")rm:.\ = ()( ‘) )n J / ieo‘,

te

PThe case of the largest frequen¢7 w ywhen the magnetic field has no
effect on the collisions, correspondsto formulas (}.33) and (2,34), Therefore
let us assume further that ‘ﬂel >> GJ « With the fulfillment of this
inequality the main contribution in integrals (3.35) and (3,36) is made by
the region } >>“ , in which LP (%) is small in comparison with unity,
Three regions of large values of ? should be distinguished, These,

firstly, are the region

b )
I =i I

in which

> s

"f‘, (3038)
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Secondly, the region determined by the inequality

e.m

Av/:g;TQJ} < } £ '/ |

in which

Y

. Al /3a
el S
Yov =10

(3.39)
Pinally, ; >‘em‘./gl')ﬂ' , for which
4 (:)‘ ke ). ’ oo
N ’ N = - n, . - - -, )
T N P Gl
I R
- " (30‘0)
Ieéping in view the smallness of le (?) we obtain immediately
from formula (3,35):
- o
: ", ) ‘s;- R
|.“ ;’tu l‘ e d R an CU
- b (/
y
(3.4)

The matter is somewhat more complicated in relation to the function
"
F;‘ ((J)) . Here, in accordance with the three regions of the values of

} and the corresponding values of the functions (#/ ;) s We have:
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(3.43)

rd

5 ?") ;3 Z (C:d:)"i//,f G, o )

(3,44)
Pormulas (3,29) and (3,41)7-(3.44) make it possible to write the hermitian
part of the correction to the tensor of complex dielectric permeability in

the following form:

3 w*gnwﬁs y R 4,/::2_&/ 'Zd'-/)
‘/LA?eILV~’7/4'7.»"<C4)“‘ lJe [

oo BT 1AL ]!

. Vahtenl
cAaA.sc‘u) </ [vm/im, (3.46)

‘% 2.

)
g}

e /f

\

ced<< Sy - . (3.9)
Let us proceed now to an investigation of the antihermitian correction, PFirst
of all le¥ us note that, as in the investigation of the imaginary part of the

function ,['1 and E , in the real part of the function P: we may

,
14
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, , ( ,
assume KW & @O . Then 2 (6\)) assumes a form analogous to

expression (3,36) only with the difference that a cosine appears instead

of a sine, Therefore for () << J?e ve have:

ar ~ <, i
j ! . (3.%)
In accordance with formulas (3,38)~(3.40) we obtain from formula (3,49):
. ; Y Y A ‘
f1/{) -3 , _»:: /‘J‘ K ‘;)‘ '/}T‘ e e e .v/.,"‘. K ]
= - ‘ R 2 . B
3 gz 770 |
(3.49)
: . . , Y ;'//; e ,‘l s ‘ = :/ ‘.‘ ] /I? )
e 3 g i EE A T R
f wil=-— \v ot 'a ) | L RS Vd =
2107 2T 24 .
(3.50)

/ (3.51)
(CU ) one cannot assume KW =00, However,

keeping in view the fact that for a &L we the integrand of formula (3,30)

does not depend on the magnetic field, we may write the following formula for

| A
Fl ! (Ol) , suitable both in the case @) >></2¢ .and in the case

In the expression for
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where
P 3
g "“/, 94)61///)('7')/ﬁ
< N
In particular, for the case with which we are now concerned, we haves: ’
' 3.9
!t 2o, T
‘y , -‘:// (‘}.{l" /tp‘ 1
re N b",’:-..' /‘:} ——-
EE J’/ w e €"° ;T l2c0
(3.53) ’

Now by means of formulas (3,29), (3.49)-(3.51), and (3,53) we may write the
following expression for the antihermitian part of tensor of complex dielectric

permeability

W@l R R D L7
5 (\".. ((,o/‘.,":.: e ) .Z.f..;ll ,~" ;/4‘ | )‘// (’a’/‘]‘f’

v *[\0 (‘f/ o 7 ,/ (U))sz“e
A o l 1 wa )
.l e
(3.5%)
where
- e ’ ‘,'. ‘ - =] -
‘.11 i ‘/. 1('—:. /pe‘._)vll( ‘:(‘{? A 7 )
- TTNam ot T -

Vg™ 3 amm (T3 FEm ibees | 2

’ (3.55)
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) Sz ¢ 27 NS QT /
C‘) ‘/")/ 2/,“/‘;(7—}33 tH "«?0.01‘
(3.56)
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[ - cle "m‘
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A comparison of formulas (3.54)=(3,59) with formula (3,54) makes it possible
to say that in the case of strong fields we may speak of two effective
frequencies of collisior;: or what is the \same thing, of two times of relaxation.‘)
Formula (3.57), if in it W~ w; te 1is assumed and the senior member is retained,
together with formula (3,55) leads to an expression for the transverse time of
relaxation determining the coefficient of electron-ion diffusion across the
magnetic field /11/.

In all the formulas of our article it was assumed that the maximum frequency
( (,U,ma‘x ) is determined by the inapplicability of the theory of perturbations,
If, however, this is not the case, and the inapplicability of our formulas 3§
*)Formula /20/ of study xn/ may be regarded as an interpolation formula, giving
in extreme cases formulas (3.18) and (3,55) of the present study, For w ~Jle

the approximate kernel of the collision integral, corresponding to formula /17/
of study /1/ gives a poor approximation,
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in the region of small impact parameters of ‘the oollisio, ‘will be determined. -, w_.-;'%\;;"

by quantum mechanioc effects disregarded in obtaining the kinetic oquaﬁon Y, Y PR

~ then (M T/ T ) should be taken as LOnnax .
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